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Samples of brain tissue were prepared as 10% (w/v) suspensions by homogenization in 11 PBS using a TissuLyser II (QIAGEN, Hilden, Germany) . Total viral RNAs were 12 extracted using the automatic nucleic acid extraction station epMotion 5075 VAC 13 (Eppendorf, Hamburg, Germany) with QIAamp Virus BioRobot MDX Kit (QIAGEN, 14 Hilden, Germany) as per manufacturer's instructions. The RNA preparations were used 15 immediately for reverse transcription (RT) with the N127 primer. The RT products were 16 then used to amplify the 371 bp N gene fragment by nested PCR using the above primer 17 sets. PCR was performed at 94ºC for 2 min, followed by 35 cycles of 94ºC for 30 s, 56ºC 18 PCR-labeled detection products were mixed with 2µl PCR-labeled positive control and 2 10µl hybridization buffer containing 2µl 99% formamide, 2µl 50× Denhardt's solution 3 (Sigma-Aldrich, USA), 2µl 1× SSC, 2µl 2% SDS (Promega, USA), and 2µl DEPC water 4 (Sangon, Shanghai, China). The mixture was heated at 95ºC for 5min to denature 5 dsDNA, followed by chilling immediately on ice for 5 min, then applied to the array and 6 covered with a plastic coverslip (CapitalBio, Beijing, China) to prevent evaporation of 7 the sample during incubation. Hybridization was performed at 43ºC for 3.5 h. After 8 hybridization, the slide was washed once for 3 min with 2× SSC containing 2% SDS, 9
followed by a wash for 5 min with 2× SSC and then drying by low-speed centrifugation. were validated by standard Taqman RT-qPCR, with reaction mixtures as follows: 12µl 2 10× PCR buffer, 12µl 25 mM MgCl 2 , 0.5µl dNTPs (25nM), 0.3µl RNasin (5IU), 0.5µl 3 MMLV (50IU), 0.5µl Ex-Taq polymerase (5IU/µl) (TaKaRa, Dalian, China), 1µl 10% 4 (vol/vol) Triton X-100 (Promega, Madison, USA), 1µl forward primer (20 pmol/µl), 1µl 5 reverse primer (20 pmol/µl), 1µl each of Taqman probes (5µM each), 10µl template RNA 6 and nuclease-free water to a final volume of 50µl. The reactions were carried out in an 7 MX3000P multiplex quantitative PCR system (Stratagene, LaJolla, USA). Reverse 8 transcription and PCR amplification were performed using the following programs: 1 9 cycle at 42ºC for 30 min and 94ºC for 3 min, followed by 40 cycles at 94ºC for 30 s, 55ºC 10 for 30 s, and 72ºC for 20 s. 11
RESULTS

12
Oligoprobe Design and LyssaChip Construction. Initially, 78 candidate oligoprobes 13 were designed by Arraydesigner software v4.2 based on multiple alignment of the 371 bp 14 N gene sequences of the 7 major lyssaviruses, then subjected to Blastn search to exclude 15 those with unreasonable GC contents, <80% homology and less than 25 continuously 16 matched nucleotides with target sequences. Fifty oligoprobes that met these parameters 17 were selected and, along with 7 control and oligomarker oligoprobes, were double printed 18 and arrayed on the glass slides as shown in Figure 1A . intensities of all expected hybridizations were significantly higher than the background 7 signal (P <0.01). These results showed the LyssaChip could specifically detect and 8 differentiate all 7 major species of lyssaviruses. 9
To test the sensitivity of LyssaChip, 10-fold serial dilutions of plasmids bearing the To compare the sensitivity of LyssaChip with those of gel-based RT-nPCR and 18 from 10 6.2 to 10 -0.8 TCID 50 /ml. Results showed that the lowest limit of detection of 1 LyssaChip was 0.158 TCID 50 /ml, 10 times more sensitive than RT-nPCR and RT-qPCR. 2 Cy3 or Cy5 are widely used in the labeling of target sequences by random primer PCR, 3 but the use of biotin HEX in labeling is uncommon. At the beginning of the study Cy3 4 ddCTP (GE Healthcare, USA) and HEX labeling methods were compared and the result 5
showed that both labeling methods could produce the same fluorescence density (P>0.05) 6 (data not shown). However the labeling procedure for Cy3 is more complicated and 7 expensive than HEX, and the latter was therefore used in our sample preparation. 8
To evaluate the accuracy and specificity of the LyssaChip, 111 laboratory preserved 9 brain specimens (see Table 1 ) were tested. In the assay of 65 rabies-suspected brain 10 tissues, all were LyssaChip positive, with only 64 and 62 positive by RT-nPCR and FAT 11 respectively. Two specimens were FAT negative and one highly decayed brain tissue was 12 negative by both RT-nPCR and FAT. Among 46 brain tissues of butchered dogs 3 were 13 positive by all three methods. The assay results of the three methods were summarized in 14 Table 3 , which showed that the LyssaChip had 100% sensitivity (CI 94.48%-100%) and 15 Health Safety (ANSES). The samples were also tested by FAT, RT-nPCR and RT-qPCR 3 at the same time. Results revealed that the 4 methods were 100% consistent, but the 4 LyssaChip was additionally able to differentiate between the species within 8 h, with all 5 12 samples tested on a single chip slide, while the FAT and RT-nPCR could not 6 differentiate (Table 4) . 7
ARAV, IRKV, KHUV and WCBV 8
Since the 4 new lyssaviruses recently approved by the ICTV were not available to us 9 their detection by LyssaChip could be estimated only by comparison of our probe 10 sequences with the corresponding viral genomic regions. Such comparisons showed that 11 all 50 probes did not have the minimum 25 nt continuously matched sequence essential 12 for hybridization (data not shown). In addition, there were mismatches within the 15 13 nucleotides at the 3´ end of all probes. Therefore, cross-hybridization of our probes with 14 ARAV, IRKV, KHUV and WCBV seems unlikely. 15
For oligonucleotide microarray detection, target cDNA or DNA is usually amplified 17 and labeled by PCR. Sensitivity of such microarray is determined by the target cDNA 18 amplification. Currently, there are two main approaches. In the first, a common primer 19 PCR is used to amplify a genus of pathogens (17), but its ability may be influenced by 20
on October 3, 2017 by guest http://jcm.asm.org/ Downloaded from 13 mismatched bases between primer and template. Additionally, multiplex PCR is used to 1 amplify pathogens of several different genera (6), but can result in suppression effects on 2 some of the primer pairs, leading to false-negative results (11). In the second, the random 3 primer-directed PCR(15, 32) and Phi29 polymerase-based amplification(3, 5, 9) are used 4 to amplify a wide range of cDNAs. This procedure is widely used in identification of new 5 pathogens, but may yield lower amounts of target DNA copies and may bias 6 amplification, resulting in reduced sensitivity and specificity of a microarray (4). 7
Additionally, random amplification methods are more complex and time-consuming. In 8 the present study we chose the common primer PCR method; i.e., using pan-lyssavirus 9
RT-nPCR to amplify and label the N gene fragment since this method has been 10 previously shown to detect all 7 major lyssavirus species with high sensitivity (19). To 11 avoid primer/target mismatch, 2 sets of primers for RT-nPCR were located within the 12 most conserved region of the N gene of each lyssavirus and the results showed that the 13 LyssaChip rendered the highest sensitivity compared with the conventional methods, 14 indicating the capability to detect low levels of virus particles. 15
Specificity of a species-typing oligonucleotide microarray is determined by the 16 oligoprobes. Excellent probes should accurately identify target cDNAs and show no 17 cross-hybridization with unrelated sequences. Panels of probes were therefore designed 18 for each lyssavirus species, since the existence of lineages or sub-types within a given 19 species makes it impossible to design a common probe to detect all members within a 20 on October 3, 2017 by guest http://jcm.asm.org/ Downloaded from 14 species. Usually, matching stringency between probe and target is critical for 1 hybridization. It has been reported that, with regard to an oligoprobe of 60-70 nt, any 2 mismatch within 15 nucleotides of the 3´ end could significantly diminish the 3 hybridization and produce false negative results, whereas mismatches of less than 12 4 nucleotides scattered throughout a sequence at the 5´ end had limited impact on 5 hybridization unless ≥5 of them were continuous mismatches (24). However, Honma et al. 6
(2007) observed that even a single nucleotide mismatch near the 3´ end of a probe 7 significantly reduced the hybridization signal (17), which is more consistent with our 8 observations. 9
Although blinded sample 5 was determined to be EBLV-1 by LyssaChip, it is 10 interesting to note the difference in the hybridization of EBLV-1-specific probes with the 11 EBLV-1 control sample and blinded sample 5, in which the double-spotted probe (No.33) 12 hybridized with sample 5 but not with the EBLV-1 control (see Fig. 3B ). The background 13 information provided by EU-RL revealed that these two samples were different sub-types 14 of EBLV-1, the control sample being EBLV-1-b and the blinded one EBLV-1-a (Table 4) . 15
The multiple sequence alignment of all EBLV-1 N gene sequences available from 16
GenBank showed that probe 33 belonged to EBLV-1-a and had 1 mismatched nucleotide 17 with the corresponding sequence of EBLV-1-b at the 13 th nt from the 3´ end (Fig. 3A) . 18
This emphasizes that when designing specific oligoprobes the possibility of mismatched 19 nucleotides near the 3´ end should be taken into critical consideration. Indeed, this feature 20 on October 3, 2017 by guest http://jcm.asm.org/ Downloaded from 15 might be used to design probes for differentiating sub-types; e.g., the number 33 probe 1 could be used for distinguishing between the 2 sub-types of EBLV-1 (Fig. 3) . 2
The LyssaChip was tested in detection of RABV in 111 clinical specimens and showed 3 comparable specificity with conventional RT-nPCR and FAT. None of the specimens 4 showed any nonspecific hybridization with the probes of the 6 other major lyssavirus 5 species. Virus had previously been isolated from 27 of the 68 LyssaChip positive 6 specimens and the N genes had been sequenced and found to comprise 4 lineages of 7
RABV (14). This showed that the LyssaChip can detect different genetic variants of 8 RABV. With respect to sensitivity there were differences between the three methods 9 (Table 3) : for example, a highly decayed brain tissue specimen was FAT and RT-nPCR 10 negative but LyssaChip positive. This specimen was taken from a clinically rabid dog and 11 submitted by Chongqing Center for Animal Disease Control and Prevention for 12 laboratory confirmation. Following its receipt, it was accidentally left in the reception 13 room for a week at room temperature. By the time it had been retrieved the specimen had 14 decayed to a very dark grey colour with a strong odious smell. As tested by the three 15 methods this specimen was positive only by LyssaChip, likely indicating that this is the 16 most sensitive in terms of detection of decayed specimens. The explanation of this 17 discrepancy is that the sensitivity of FAT and RT-nPCR could be significantly decreased 18 since degradation of viral RNA and nucleocapsids could occur with the decay of the 19 tissue, indicating that the performance of FAT on putrefied specimens is not reliable. In 20 on October 3, 2017 by guest http://jcm.asm.org/ Downloaded from 16 addition, two more specimens (HuNDN12 and CQWX-2) were also FAT negative, 1 although RT-nPCR and the chip positive (see Table 3 ). Sample CQWX-2 was from a dog 2 in a village of Wuxi county, Chongqing Municipality, which did not show clinical signs 3 but bitten five villagers without provocation in a single day, and was thereafter killed for 4 rabies diagnosis. Sample HuNDN12 was from a dog which was one of nine culled for 5 safety in a village of Hunan province to prevent further possible rabies transmission since 6 a human rabies case had occurred in the village. Since these two dogs were 7 healthy-looking with no overt clinical signs when they were culled, the difference in 8 detection of virus in their brain tissues might imply that both dogs were in the early 9 incubation stage, at which time the brain tissue viral load might have been too low to be 10 detected by FAT. Calculation of the difference by the McNemar Chi-square test was 11 statistically significant (P <0.0001), thereby indicating that the LyssaChip likely had a 12 higher positive rate. In conclusion, all three methods produced identical results but 13
LyssaChip was more sensitive than FAT and even RT-nPCR in detection of virus in 14 highly decayed specimens. In situation where this might occur, therefore, the LyssaChip 15 could be more useful. Isolates of lyssaviruses other than RABV were not tested since 16 these were not available in China. 17
The LyssaChip developed in the current study represents a rapid, high-throughput and 18 economical method for the detection and differentiation of the 7 major lyssavirus species. 
